Studies on the herpes simplex virus type 1 UL25-null mutant KUL25NS have shown that the capsidassociated UL25 protein is required at a late stage in the encapsidation of viral DNA. Our previous work on UL25 with the UL25 temperature-sensitive (ts) mutant ts1204 also implicated UL25 in a role at very early times in the virus growth cycle, possibly at the stage of penetration of the host cell. We have reexamined this mutant and discovered that it had an additional ts mutation elsewhere in the genome. The ts1204 UL25 mutation was transferred into wild-type (wt) virus DNA, and the UL25 mutant ts1249 was isolated and characterized to clarify the function of UL25 at the initial stages of virus infection. Indirect immunofluorescence assays and in situ hybridization analysis of virus-infected cells revealed that the mutant ts1249 was not impaired in penetration of the host cell but had an uncoating defect at the nonpermissive temperature. When ts1249-infected cells were incubated initially at the permissive temperature to allow uncoating of the viral genome and subsequently transferred to the restrictive temperature, a DNA-packaging defect was evident. The results suggested that ts1249, like KUL25NS, had a block at a late stage of DNA packaging and that the packaged genome was shorter than the full-length genome. Examination of ts1249 capsids produced at the nonpermissive temperature revealed that, in comparison with wt capsids, they contained reduced amounts of UL25 protein, thereby providing a possible explanation for the failure of ts1249 to package full-length viral DNA.
All herpesviruses have a characteristic morphology and a common assembly pathway. The viral DNA is enclosed in an icosahedral capsid, which in turn is surrounded by another protein layer, the tegument, most of which lacks icosahedral symmetry. The outer layer of the virion consists of a lipid membrane containing the viral glycoproteins that are required for fusion of the envelope with the host cell membrane. Studies with pseudorabies virus (PRV) have shown that upon entry of the virus into a permissive cell most of the tegument layer rapidly dissociates from the capsid, but at least two tegument proteins, UL36 and UL37, and the capsid-associated DNApackaging protein UL25 remain attached to the capsid (18, 22, 28) . Recent results obtained using herpes simplex virus type 1 (HSV-1) have revealed that proteasomal degradation of virion and/or host proteins in the cytoplasm is an essential step in the uncoating of the viral genome (11) , and evidence suggesting that proteolytic cleavage of UL36 is important for DNA release has been obtained (21) . After the capsid is transported along the microtubule to the microtubule-organizing center, it migrates by an unknown mechanism to the edge of the cell nucleus, where it interacts with the nuclear pore, releasing the viral genome into the nucleus by a process dependent on importin-␤ and Ran-GTP (3, 29, 38, 51) .
DNA replication, capsid assembly, and DNA packaging all take place in the nucleus, initially within discrete regions referred to as replication compartments (10, 46) . Cleavage of the replicated concatemeric viral DNA into monomeric units is tightly coupled to encapsidation of the DNA, and in the absence of capsid assembly, no viral DNA cleavage is observed (12) . The replicated viral DNA is inserted into the cavity of the preformed spherical-shaped icosahedral procapsid, where it forms a highly compact, ordered structure (4) . During DNA packaging, the scaffolding proteins inside the procapsid are cleaved by the viral serine protease and removed, and the capsid shell becomes a more stable, angularized structure (14, 44, 47, 58) . In addition to DNA-containing, angularized capsids (C capsids), two other angularized capsid forms are observed in the nucleus, both of which are considered dead-end products. These are A capsids, which lack viral DNA and scaffolding proteins, and B capsids, which are devoid of viral DNA but contain the cleaved scaffolding proteins. The C capsid acquires an envelope by budding into the inner leaflet of the nuclear membrane (50) . This layer is lost when the enveloped particle fuses with the outer nuclear membrane and the capsid is released into the cytoplasm, where it gains the tegument and subsequently an outer envelope (49; reviewed in references 33 and 52) .
Of the seven HSV-1 DNA-packaging proteins, only UL6, UL17, and UL25 are found in significant amounts in the mature DNA-containing capsid (17, 32, 39, 48, 57) . UL6 is present at the unique vertex on the capsid, forming the portal through which the DNA enters the capsid, whereas UL25 and UL17 are located at multiple sites on the capsid (6, 7, 36, 37, 56) . Unlike UL17, UL25 is found in much smaller amounts in procapsids than in angularized B capsids, and therefore, it is likely that UL25 is added after procapsid formation (48) . This conclusion is supported by the observation that UL25 binds in vitro to A or B capsids lacking UL25 (35) . In the absence of UL17, small amounts of UL25 are present on B capsids in vivo, indicating that UL17 is required for the attachment of UL25 to capsids (56) . Wild-type (wt) HSV-1 C capsids contain greater amounts of both UL17 and UL25 than B capsids, in keeping with the idea that UL25 and some of UL17 attach to capsids at a late stage in capsid maturation and that the presence of viral DNA inside the capsid exposes more binding sites on the capsid surface (57, 59) . By use of cryoelectron microscopy and image reconstruction, extra mass on the surface of the capsid, adjacent to the pentons at the vertices, was identified on wt C capsids but not on wt and UL25-null mutant A capsids. It was proposed that this C-capsid-specific component was composed of a heterodimer of UL25 and UL17 (59) .
In contrast to the other DNA-packaging proteins, UL25 is not absolutely essential for the cleavage of concatemeric viral DNA and initiation of DNA packaging but appears to be important at a later stage of HSV-1 genome encapsidation (32, 53) . Subsequent studies of PRV and bovine herpesvirus 1 UL25 deletion mutants are in agreement with this conclusion (13, 24) . Interestingly, the defect of the PRV UL25-null mutant can be partially reversed by growing the mutant on a cell line expressing the wt HSV-1 protein (25) .
Since UL25 is present at multiple sites on the exterior surface of the capsid, UL25 may be required for stabilizing the capsid shell and possibly the packaging complex at the portal during and after DNA packaging. The findings that the UL25-null mutant KUL25NS stably packages only small amounts of viral DNA in nonpermissive cells and that most of the viral DNA encapsidated is of less than genome length are consistent with this proposal (53) .
The first evidence that the UL25 gene product was important for DNA packaging was obtained from the analysis of two HSV-1 mutants, ts1204 and ts1208, that had temperature-sensitive (ts) mutations in the UL25 gene (1) . ts1204 had two phenotypic defects at the nonpermissive temperature (NPT), a very early block in virus infection and another in the assembly of functional capsids. ts1208 had a defect in only the latter function. Initially, the early defect in ts1204 infection at the NPT was thought to be in penetration. This conclusion was based on the finding that high multiplicities of infection (MOI) with the mutant at the NPT prevented subsequent infection by wt HSV-1 but not HSV-2 and that the early defect could be overcome by polyethylene glycol, a membrane-fusing agent. Although we have been able to confirm the first observation, we have been unable to reproduce the latter finding. Since more-recent work has shown that UL25 is associated with the capsids in the cell nucleus, the defects in ts1204 have been reassessed. We discovered that ts1204 contained more than one ts mutation and constructed a new mutant, ts1249, possessing the UL25 ts mutation only. In this paper, we describe the characterization of this mutant to gain insight about the role of UL25 early in infection. In addition, ts1208 has also been analyzed further, and the nucleotide changes responsible for the defects in both ts1204 and ts1208 have been determined.
MATERIALS AND METHODS

Cells and viruses.
African green monkey kidney (Vero) cells were grown in Dulbecco's modified Eagle's medium supplemented with penicillin (100 U/ml), streptomycin (100 g/ml), and 10% fetal calf serum. BHK21 clone 13 (BHK) cells were cultured in Glasgow minimal essential medium supplemented with 10% tryptose phosphate broth, 10% newborn calf serum, penicillin (100 U/ml), and streptomycin (100 g/ml) (ETC). The wt HSV-1 virus used was strain 17syn ϩ . ts mutants ts1204 and ts1208 (derived from this strain), the disabled strain 17 mutant in1383, and a UL28-null mutant from strain KOS (gCB) have all been described previously (1, 42, 54) .
Plasmids. The amplicon pSA1 has a 200-bp packaging signal spanning the junction between two tandem a sequences derived from HSV-1 strain 17 and a copy of the HSV-1 ori s origin of replication in the plasmid vector pAT153 (53) . The BamHI g probe used in Southern blot hybridization was purified from BamHI-digested pGX37, which contains the HSV-1 strain 17 BamHI g genomic fragment (corresponding to HSV-1 nucleotides 52589 to 60363) inserted into the BamHI site of pAT153 (Fig. 1 ). Plasmids pBE1, containing HSV-1 sequences specific for IR L /TR L , and pST17, containing HSV-1 sequences specific for IR S / TR S , are described in detail in reference 53, and the locations of their HSV-1 sequences are shown in Fig. 1 .
Metabolic labeling of cells. Vero cells and viruses were prewarmed to 42°C for 10 min prior to infection at the NPT. Cell monolayers (2 ϫ 10 5 cells/15.6-mmdiameter well) were either mock infected or infected with 20 PFU of virus/cell. At 6 h postinfection (p.i.), the cells were washed twice with medium lacking methionine and fetal calf serum and incubated overnight in medium containing one-fifth the normal concentration of methionine, 2% fetal calf serum, and 20 Ci [ 35 S]methionine/well. Purification of viral capsids. Viral capsids were purified from BHK cells, essentially as described by Preston and McDougall (45) .
Western blotting. Capsid proteins or virus-infected cell proteins, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), were blotted onto a nitrocellulose membrane and screened with antibodies, using the enhanced chemiluminescence method as described by Thurlow et al. (56) . Protein bands were quantified by densitometric analysis of digital images by using Quantity One software (Bio-Rad Laboratories). The amount of each capsid preparation was standardized using the capsid shell protein VP19C, which was assumed to be present in the same copy number in both ts1249 and wt HSV-1 capsids.
Antibodies. Mouse monoclonal antibodies (MAb) specific for UL6 (MAb 175), UL17 (MAb 203), UL25 (MAb 166), ICP0 (MAb 11060), VP5 (MAb DM165), and VP19C (MAb 2231) and the rabbit polyclonal antibodies specific for VP23 (R186) and UL25 (335) have all been described previously (16, 23, 30, 57) . The actin-specific MAb AC-40 was purchased from Sigma.
Sequence analysis. DNA was sequenced by the M13 chain terminator method by using a Sequenase kit (Amersham Biosciences) or sequenced commercially by Geneservice Ltd.
Analysis of replicated and packaged amplicon DNA. Vero cell monolayers (10 6 cells/60-mm-diameter dish) were transfected with 2 g pSA1, using Lipofectamine (12 l) and Plus (8 l) reagents (Invitrogen), and incubated at 36.5°C as described previously (45) . Fifteen minutes prior to virus infection, 100 g/ml cycloheximide was added to each sample. At 12 h after the addition of DNA to the cells, the cells were infected with 10 PFU of virus/cell, and incubation was continued at 36.5°C for 2 h in the presence of 100 g cycloheximide/ml. This concentration of cycloheximide was used throughout. Cells were washed three times with tissue culture medium to remove the inhibitor, and samples were transferred to the NPT of 38.5°C or 39.5°C or the permissive temperature (PT) of 32°C. At 20 h p.i., the cells were harvested and total cellular DNA and DNase-resistant DNA were extracted from cells. An aliquot of DNA was digested with DpnI, together with EcoRI or BamHI, to remove the input plasmid DNA, and the fragments were separated on agarose gels as described by Stow (53) . The DNA fragments were transferred onto a Hybond XL membrane (GE Healthcare) and hybridized to P]dGTP by random primer extension, using a kit from Roche. Phosphorimages of Southern blots were obtained using a personal phosphorimager (Bio-Rad), and the relative amounts of radioactivity in DNA bands were determined using Quantity One software (Bio-Rad).
Analysis of total and encapsidated viral DNA. Prior to virus infection, cycloheximide was added to the medium of BHK cell monolayers (10 6 cells in 60-mm-diameter petri dishes). Fifteen minutes later, the medium was removed and the cell monolayers were infected with 10 PFU of virus per cell, and the virus adsorbed to cells for 2 h at 36.5°C in the presence of cycloheximide. Cells were washed with 0.1 M glycine-0.14 M NaCl (pH 3.0) to inactivate virus bound to the cell surface as described by Stow (53) . After this treatment, the cells were washed three times with medium prewarmed to 39°C and incubated at the NPT (38.5°C) or the PT (32°C) in the absence of cycloheximide. At 20 h p.i., the cells were harvested, total cellular DNA and DNase-resistant DNA were extracted from cells and digested with BamHI, and Southern blot analysis was carried out as described above.
Assay of VP16 activity in cells. The multiply defective HSV-1 virus in1383 (42), carrying the lacZ reporter gene under the control of the ICP0 immediate-early promoter, was central in the design of an assay to determine whether VP16 was released from incoming ts1249 capsids in cells at the NPT. Vero cells were either mock infected or infected with 5 PFU of in1383/cell in the presence of cycloheximide at 38.5°C. After 30 min at the NPT, cells were mock infected or were infected with purified ts1249 virions or virions of a control virus at an MOI of 10 PFU/cell in the presence of cycloheximide. The virions were prewarmed to 42°C for 10 min immediately prior to infection. After incubation for 5.5 h at the NPT in the presence of cycloheximide, the cells were washed three times with medium containing 1 g/ml of the RNA synthesis inhibitor actinomycin D to remove the cycloheximide block, and incubation was continued at the NPT in the presence of actinomycin D. The samples were harvested at 9 h and 20 min after the addition of the second virus. Cells were washed once with ice-cold phosphatebuffered saline (PBS) prior to the addition of 100 l 10 mM Tris-HCl (pH 7.5), 2 mM MgCl 2 , 10 mM NaCl, and 0.1% NP-40. Dishes were stored overnight at Ϫ20°C. Samples were thawed, and cells were scraped off into the supernatant. The samples were centrifuged at 14,500 ϫ g for 2 min at 4°C and assayed for ␤-galactosidase activity essentially as described by Preston and Nicholl (41) .
Confocal immunofluorescence microscopy. Prior to infection, viruses were warmed to 42°C for 10 min and cells were incubated at 38.5°C for 1 h. The prewarmed Vero cells on 13-mm-diameter coverslips (7 ϫ 10 4 cells per well) were infected with 10 PFU of prewarmed, purified virions per cell at 38.5°C in the presence of cycloheximide. After 1 h at 39°C, the virus inoculum was removed and the cells were washed twice with prewarmed tissue culture medium containing cycloheximide. Incubation of virus-infected cells was continued at 39°C in the presence of cycloheximide for various times up to 4 h. Immunofluorescence was performed as described by Preston and McDougall (45) , using MAb DM165, specific for VP5, and for some experiments 335, a polyclonal rabbit antibody to UL25 protein, as the primary antibodies. The secondary antibodies used were fluorescein isothiocyanate (FITC)-conjugated goat antimouse immunoglobulin G (IgG) (FITC-GAM) (Sigma) and Cy5-conjugated goat anti-rabbit IgG (Cy5-GAR) (Sigma). In experiments using only MAb DM165, after the cells were treated with secondary antibodies, they were incubated with propidium iodide (Sigma-Aldrich) at a concentration of 1 g/ml in PBS containing 1% fetal calf serum. Stained cells were examined under a Zeiss LSM 510 confocal microscope, using a 63ϫ oil immersion lens (NA 1.4). For samples containing FITC and Cy5 conjugates, lasers with excitation lines at 488 nm and 633 nm were used. For samples containing the FITC conjugate and propidium iodide, lasers with excitation lines of 488 nm and 543 nm were activated.
Fluorescence in situ hybridization. Vero cells on 13-mm-diameter coverslips were infected with 50 PFU of prewarmed virus/cell. A high concentration of virus was used in these experiments because at lower levels the method was less sensitive. After 1 h at 38.5°C, the virus inoculum was removed, the cells were washed three times with medium warmed to 42°C, and incubation was continued at 38.5°C. At 5 h p.i., the cells were washed twice with PBS containing 1% fetal calf serum prior to fixation with precooled 95% ethanol-5% acetic acid for 5 min at Ϫ20°C. The fixed cells were washed three times with PBS-1% fetal calf serum and stored at 4°C until required. The probe used for in situ hybridization was a cosmid, cos56, containing HSV-1 strain 17 sequences from bp 79442 to 115152 (9, 31) . The DNA was labeled by nick translation with Cy3-dCTP as described previously (15) , and the cells were subsequently treated with DAPI (4Ј,6Ј-diamidino-2-phenylindole) to stain cell nuclei. Cells were examined under a Zeiss LSM 510 confocal microscope with 405-and 543-nm laser lines, with each channel scanned separately.
Reversibility of the ts1249 uncoating defect. BHK cells in 35-mm dishes, prewarmed for 1 h at 38.5°C, were infected with virus (100 to 200 PFU per dish) that had been prewarmed at 42°C for 10 min and were incubated at 38.5°C. At 1 h after virus infection, the cells were washed once with tissue culture medium and overlaid with medium containing 3% human serum, 2% calf serum, and antibiotics. The cells were transferred to the PT at various times after virus infection and stained with Giemsa after 3 days at 32°C, and the number of virus plaques was recorded.
Sequence alignment. The multiple-sequence alignment of the UL25nt domains (HSV-1 UL25 amino acid residues 134 to 580) from 38 herpesvirus members, described by Bowman et al. (5), was used. The alignment was generated with the program CLUSTALW (55) .
RESULTS
Sequence analysis of the ts1204 and ts1208 mutations. Previous marker rescue studies using cloned wt HSV-1 DNA had mapped each of the mutations to a small region within UL25 (1). These regions of the cloned wt HSV-1 DNA and the corresponding portions in the cloned mutant DNAs were sequenced (Fig. 2) . The ts mutation in the ts1204 UL25 gene was caused by a single base pair change leading to the replacement of glutamic acid residue 233 with a lysine. Unexpectedly, ts1208 had an in-frame deletion of three base pairs within the UL25 gene, resulting in a ts protein that lacked valine 161. No other differences from the sequence of wt HSV-1 (31) were present.
Construction of ts1249. A ts ϩ marker rescuant of ts1204, isolated from cells transfected with ts1204 viral DNA and a cloned fragment containing the wt UL25 gene, behaved like wt HSV-1 at 38.5°C. On the basis of this finding, it was concluded that ts1204 had a single ts lesion (1). It was subsequently discovered that at a higher NPT of 39.5°C the marker rescuant formed plaques at low efficiency compared with wt HSV-1 and therefore had more than one ts defect. The cloned ts1204 genomic EcoRI f fragment containing the UL25 gene was cotransfected with wt HSV-1 DNA into cells, and ts virus isolates that failed to recombine with ts1204 were plaque purified. One of the isolates, ts1249, was selected for further study. Sequence analysis confirmed that ts1249 contained the original UL25 mutation that was present in ts1204 (data not shown). ts ϩ marker rescuants were generated by recombining the cloned wt genomic BamHI u fragment into the ts1249 DNA. One of these, ts ϩ 1249MR, and a spontaneous ts ϩ revertant of ts1249, ts ϩ 1249rev, were each shown by sequence analysis to contain the wt sequence in place of the ts1249 mutation (data not shown). Both produced plaques at 39.5°C and the PT of 32°C with efficiency similar to that of wt HSV-1, suggesting that ts1249 had a single ts lesion (Table 1) . ts ϩ marker rescuants of ts1208, produced in the same way as ts1249 marker rescuants, also behaved like wt HSV-1 at both temperatures, indicating that this mutant had a single ts mutation (Table 1) .
Virus-infected cell polypeptides. To confirm that ts1249, like ts1204 (1), has a very early defect, the virus-infected cell polypeptides synthesized at the NPT and PT were radiolabeled with [
35 S]methionine and analyzed by SDS-PAGE. wt HSV-1-, ts ϩ 1249MR-, and mock-infected cells were also included as controls. In addition, the polypeptide profiles of ts1208 and its marker rescuant were examined. Both ts1204 and ts1249 failed to synthesize any detectable viral polypeptides in cells infected at the NPT, and the profiles of the mutant-infected cell polypeptides resembled that of the mock-infected cell control (Fig. 3, lanes 9, 10, and 12 ). This result suggests that the ts lesions in the UL25 genes of ts1204 and ts1249 are responsible for the lack of viral protein synthesis in cells infected with either of these viruses at the NPT. The finding that ts ϩ 1249MR produced levels of viral polypeptides similar to those of wt HSV-1-infected cells at the NPT supported this conclusion (Fig. 3, lanes 8 and 11) . The profile of the ts1208-infected cell polypeptides resembled those of ts1208MR-and wt HSV-1-infected cell polypeptides at the NPT (Fig. 3, lanes 13, 14, and  15 ), in agreement with previous published results (1) .
Virus entry into cells. The failure of ts1249 to synthesize viral proteins at the NPT could be due to a defect in attachment to or penetration of the host cell or an uncoating defect. To determine whether ts1249 was able to enter cells at the NPT, an indirect immunofluorescent assay was used to detect incoming capsids (51) . Vero cells were infected at 38.5°C with ts1249, wt HSV-1, or ts ϩ 1249MR or were mock infected and incubated in the presence of cycloheximide to block de novo protein synthesis. At 1, 2, and 4 h p.i., the cells were fixed, permeabilized, and probed with MAb specific for the major capsid protein VP5. At each time point, all the virus-infected cell samples had similar patterns of distribution of capsids. At 1 h p.i., most of the virus-infected cells contained capsids that were dispersed all over the cell (Fig. 4a, c , and e). By 2 h, in many of the cells the capsids were concentrated together, often adjacent to or over the nuclei (Fig. 4b, d, and f) . At 4 h p.i., the pattern of immunofluorescence was similar to that observed at 2 h, with most of the cells containing capsids concentrated near or over the nuclei (data not shown). The results suggest that ts1249 is not impaired in entry into the cell or transport within the cytoplasm to the edge of the nucleus. Greater numbers of capsids were apparent in ts1249-infected cells than in cells infected with wt HSV-1 or ts ϩ 1249MR, suggesting that the ts1249 virion preparation exhibited a higher particle/PFU ratio than the control viruses. This, however, was not a consistent feature of ts1249 virus stocks.
To determine whether UL25 remained attached to the incoming capsids, a similar experiment, in which cells were incubated for 4 h p.i. at the NPT, fixed, permeabilized, and probed with VP5-and UL25-specific antibodies, was performed. In cells infected with either wt HSV-1 or ts1249, UL25 colocalized with VP5, suggesting that UL25 remained bound to the capsids (Fig. 5 ). This finding is consistent with the findings of an earlier study using PRV (22) . Although incoming ts1249 capsids migrated toward the cell nuclei, further experiments are required to determine whether the mutant capsids associated with the nuclear pores.
Release of viral DNA into the cell nucleus. To confirm that ts1249 had an uncoating defect, a fluorescent in situ hybridiza- (Fig. 6) . A PT of 36.5°C was used in these experiments instead of 32°C because the rate of viral DNA synthesis was more comparable to that at 38.5°C. At 36.5°C, the mutant grew almost as well as at the lower temperature of 32°C (data not shown). In wt HSV-1-, ts ϩ 1249MR-, or ts ϩ 1249rev-infected cells incubated at the NPT in the absence of cycloheximide, viral DNA was concentrated in the cell nuclei, the site of viral DNA replication (Fig.  6c, e, and g ). In ts1249-infected cells treated under the same conditions as wt HSV-1-, ts ϩ 1249MR-, or ts ϩ 1249rev-infected cells, viral DNA was not observed in most of the nuclei, consistent with the suggestion that ts1249 had an uncoating defect (Fig. 6i) . Viral DNA was also detected in the nuclei of wt HSV-1-, ts ϩ 1249MR-, or ts ϩ 1249rev-infected cells treated with the protein synthesis inhibitor but in smaller amounts than in cells grown in the absence of the drug because viral DNA replication cannot occur (Fig. 6d, f, and h ). Low levels of viral DNA were also found in the cytoplasm, with the genomes generally being dispersed. The pattern of fluorescence in ts1249-infected cells grown in the presence of cycloheximide was very similar to that of mutant-infected cells grown in the absence of the drug (Fig. 6i and j) . The viral DNA formed speckles of fluorescence distributed throughout the cytoplasm and was only very occasionally detected in the cell nuclei.
The finding that input ts1249 DNA was dispersed throughout the cytoplasm was in contrast to results from immunofluorescence experiments, in which incoming capsids were found concentrated around or close to the cell nuclei at 4 h p.i., in agreement with earlier studies with wt HSV-1 (51). It should be noted that the cells in the two experiments were treated differently in fixation and subsequent procedures, which could account for the difference. It is also possible that viral DNA was lost from some of the capsids, although preliminary electron microscopic experiments suggest that most mutant capsids retained their DNA (data not shown).
At 36.5°C, much of ts1249 input DNA remained in the cytoplasm in cells grown in the presence of cycloheximide, although some genomes appeared to be transported into the nucleus. Consistent with this, in the absence of cycloheximide, ts1249 DNA replication was detected in most of the nuclei (Fig. 6s and t) . It should be noted that at 36.5°C ts1249 had a plating efficiency similar to that at 32°C and the yield from cells infected with 10 PFU/cell of mutant virus at 36.5°C was similar to the yield obtained at 32°C, indicating that 36.5°C is permissive for replication of ts1249 (data not shown).
VP16 activity in cells infected at the NPT by ts1249. A possible explanation for the failure of ts1249 to uncoat its genome at the NPT is that some of the tegument proteins remain attached to the incoming capsid, blocking the release of the genome into the nucleus at the nuclear pore. VP16 is a major tegument protein that, in addition to its structural role, is required for the transcription of immediate-early viral genes. To determine whether VP16 was released from incoming ts1249 capsids, an experiment was carried out using the highly disabled HSV-1 mutant in1383 containing a reporter gene carrying lacZ under the control of the immediate-early promoter of ICP0 in place of the thymidine kinase gene (42) . This virus has three other defects. It has a ts mutation (tsK) in the ICP4 gene, which makes the protein nonfunctional at 38.5°C, and an insertion in the VP16 gene, which abolishes the transactivating function of VP16 but does not affect its structural role as a tegument protein. in1383 also contains a nonfunctional ICP0 gene in which sequences encoding the zinc ring finger in ICP0 have been deleted, generating a frameshift mutation. As a consequence of these mutations, in1383 is severely impaired in viral mRNA synthesis. ␤-Galactosidase activity expressed from mRNA transcribed from the lacZ reporter gene in the in1383 genome is minimal but is increased substantially when another virus supplies VP16.
Cells were infected at the NPT with purified virions of ts1249, ts ϩ 1249MR, or wt HSV-1 or were mock-infected in the presence or absence of in1383 and incubated at the NPT in the presence of cycloheximide to allow the accumulation of immediate-early mRNAs from input viral genomes released into the cell nuclei. After 5.5 h, the medium containing cycloheximide was removed and replaced with medium containing the RNA synthesis inhibitor actinomycin D for 4 h to permit translation of the immediate-early transcripts. Cells were harvested, and extracts were assayed for ␤-galactosidase activity.
No ␤-galactosidase was detected in the absence of in1383, and only very low levels were found in cells infected with in1383 alone. In contrast, extracts of cells that had been coinfected with in1383 and ts1249 expressed high levels of ␤-galactosidase, comparable to the amounts detected in cells coinfected with in1383 and wt HSV-1 or ts ϩ 1249MR, suggesting FIG. 5 . Colocalization of UL25 with VP5 in incoming ts1249 capsids at the NPT. Vero cells were either mock infected or infected with wt HSV-1 or ts1249 in the presence of cycloheximide and incubated for 4 h at 38.5°C. Capsids were detected in the cell by indirect immunofluorescence with MAb DM165, specific for VP5, and the secondary IgG antibody FITC-GAM (a, d, e), and UL25 was identified with rabbit antibody 335 and the secondary IgG antibody Cy5-GAR (b, e, h). Each set of three images shows FITC staining of VP5 (left), Cy5 staining of UL25 (middle), and a merged image of the two for the same field of infected cells (right). The cells were examined by confocal microscopy and digital images taken. Bar, 10 m.
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on October 23, 2017 by guest http://jvi.asm.org/ that VP16 was released from the capsids of input ts1249 (Fig.  7a ). Extracts were also screened for the presence of ICP0 by using a Western blot assay. In the presence or absence of in1383, wt HSV-1 and ts ϩ 1249MR produced high levels of ICP0, much of which was present as proteolytic fragments, which are typically observed in Vero cells. By contrast, ICP0 was not detected in cells infected with in1383 alone, ts1249 alone, or in1383 plus ts1249 (Fig. 7b) . Thus, although VP16 supplied by ts1249 activated the ICP0 promoter in in1383 driving ␤-galactosidase expression, it failed to express ICP0 from its own genome, supporting the finding that incoming ts1249 capsids at the NPT are unable to release the viral DNA into cell nuclei.
To establish that the efficiency of VP16 release from ts1249 virions infecting the cells was similar to that of wt HSV-1 and ts ϩ 1249MR virions, the experiment was repeated using a range of MOI of these viruses (Fig. 7c) levels of ␤-galactosidase activity, and there was a strong correlation between the expression level and the input multiplicity. This result provides strong evidence that ts1249 releases VP16 as efficiently as wt HSV-1 and ts ϩ 1249MR.
Reversibility of the uncoating phenotype of ts1249. BHK cells were infected at the NPT with approximately 150 PFU of ts1249 or the marker rescuant per dish and were transferred to the PT of 32°C at various times after infection to determine whether the effect of the ts1249 uncoating defect could be overcome by lowering the incubation temperature. The ability of ts1249 to form plaques at the PT declined with increasing time at the NPT, in contrast to ts ϩ 1249MR, which gave similar numbers of plaques upon downshift of virus-infected cells, irrespective of the time of downshift (Fig. 8) .
Packaging of viral DNA at the NPT. Previous work showed that ts1204-infected cells incubated for 8 h at the NPT after virus adsorption for 1 h at the PT contained fewer capsids in the cell nuclei than wt HSV-1-infected cells, and DNA-containing capsids were not observed, suggesting that ts1204 had a defect in the assembly of mature capsids (1) . Similarly, no C capsids were detected in ts1208-infected cells at the NPT. Initially, ts1249 and ts1208 were screened for the ability to amplify and package the plasmid pSA1, containing an HSV-1 origin of replication (ori s ) and the minimal cleavage/packaging signal Uc-DR1-Ub sequence (53) . The UL28-null mutant gCB, which does not package any viral or amplicon DNA under restrictive conditions, was also included as a negative control. Cells were transfected with the plasmid and subsequently infected with ts1249, wt HSV-1, or ts ϩ 1249MR in the presence of cycloheximide for 2 h at 36.5°C to allow for uncoating of the viral genome prior to incubation at the NPT of 38.5°C in the absence of the drug. This step was omitted for cells infected with ts1208, ts ϩ 1208MR, or wt control virus. Instead, these virusinfected cell samples were incubated only at the NPT of 39.5°C. Total cell DNA and DNase-resistant DNA were extracted from the cells at 20 h p.i., and a portion was treated with DpnI and EcoRI and screened by Southern blot analysis for the presence of the plasmid, using 32 P-labeled vector pAT153 as a probe (Fig. 9a and c) . In contrast to the UL28-null mutant, ts1249 packaged the replicated amplicon DNA at the NPT (Fig. 9a) . Similarly, ts1208 packaged the amplicon but not as efficiently as ts1249 (Fig. 9c) . A sample of each DNA was also digested with DpnI and BamHI and probed with 32 P- labeled genomic fragment BamHI g, which maps in the long unique region of the viral genome to examine the packaging of the viral genome ( Fig. 9b and d) . ts1249 packaged the viral DNA less efficiently than the amplicon DNA, as had been reported previously for the UL25-null mutant KUL25NS (53) . Likewise, at 39.5°C ts1208 had a lower efficiency of packaging than wt HSV-1, although at this temperature wt HSV-1 encapsidated a smaller proportion of viral DNA than at 38.5°C. Previous characterization of the UL25-null mutant KUL25NS suggested that the mutant had a reduced capacity to encapsidate full-length viral DNA in nonpermissive cells (53) . The packaging of viral DNA by ts1249 was examined in more detail to determine whether this mutant had a phenotype similar to that of KUL25NS at the NPT. ts1208 was not included in these experiments, because the level of viral DNA packaged at 39.5°C was so low. Cells were infected with ts1249, wt HSV-1, ts ϩ 1249rev, or ts ϩ 1249MR in duplicate in the presence of cycloheximide. After 2 h at 36.5°C, the cells were washed three times with medium to remove the cycloheximide block. One set of plates was transferred to 38.5°C, and the total cell DNA and DNaseresistant DNA were extracted from these cells at 20 h p.i. The duplicate set of samples was harvested after incubation for 2 h at 36.5°C, immediately after removal of the cycloheximide block. The DNAs were digested with BamHI and screened by Southern blot analysis, initially using 32 P-labeled cloned genomic fragment BamHI g as a probe. Reduced amounts of BamHI g were present in packaged DNA from ts1249-infected cells incubated at the NPT compared to those for the control viruses (Fig. 10a) , consistent with the experiment whose results are shown in Fig. 9 . By contrast, cells infected at the PT of 32°C with ts1249 had levels of packaged viral DNA similar to those for wt HSV-1, ts ϩ 1249rev, and ts ϩ 1249MR grown at the same temperature (data not shown). To ascertain whether ts1249 also had a late defect in packaging, the DNA samples were also probed with 32 P-labeled pBE1 and with 32 P-labeled pST17, which hybridize to the long-repeat and short-repeat sequences, respectively. At the NPT, ts1249-packaged DNA contained reduced amounts of the S-terminal fragment q, compared to those of the junction fragment k, whereas the L-terminal fragment s was overrepresented, indicating that most of the DNA packaged was not full-length (Fig. 10b and c) .
Association of UL25 protein with ts1249 B capsids. The pattern of encapsidation of viral DNA by ts1249 at the NPT was very similar to that observed previously for the UL25-null mutant. One possibility for the similar phenotypes of the two mutants is that at the NPT the ts1249 UL25 protein was impaired in its ability to bind to capsids. The amount of UL25 protein present in ts1249 B capsids produced at 38.5°C was compared to the levels in wt B capsids generated at the same temperature. Cells were infected with ts1249 and were incubated for 2 h at 36.5°C to enable release of ts1249 DNA from FIG. 9 . Amplification and packaging of the plasmid pSA1 in Vero cells by ts1249 and ts1208. One set of cell monolayers was transfected with pSA1, and cells subsequently were infected with wt HSV-1, gCB, ts ϩ 1249MR, or ts1249 or were mock infected (mi) in the presence of cycloheximide at 36.5°C. After 2 h, the cycloheximide block was removed and the samples were transferred to 38.5°C. The second set of cell monolayers was transfected with pSA1, and cells were subsequently infected with ts1208, ts ϩ 1208MR, or wt HSV-1 or were mock infected. These samples were incubated only at 39.5°C in the absence of cycloheximide. At 20 h p.i., the cells were harvested and total cellular DNA and DNase-resistant DNA were prepared and digested with DpnI and EcoRI (a, c) or BamHI (b, d). Southern blot analysis was carried out, using 32 P-labeled plasmid vector pAT153 (a, c) or the 32 P-labeled, cloned HSV-1 genomic fragment BamHI g (b, d) as a probe. The numbers at the bottom of the lanes indicate the percentage of radioactivity present in the band in the DNase-treated sample relative to that in the band in the total DNA sample. Note that gCB BamHI g is smaller than that of wt HSV-1 strain 17. incoming capsids prior to incubation at 38.5°C. At 20 h p.i., the cells were harvested and the capsids purified. As a control, purified B capsids from wt HSV-1 and ts1249-infected cells grown at the PT of 32°C were also prepared. Capsid proteins were separated by SDS-PAGE, and Western blot analysis was carried out, using VP23 polyclonal antibody as a probe to determine the relative amount of protein in each capsid preparation. The concentration of each capsid preparation was adjusted so that they all had similar levels of VP23. Samples were serially twofold diluted, and the separated proteins were blotted onto nitrocellulose and probed with antibodies to UL6, UL25, and UL17 ( Fig. 11a and b) . In addition, the polypeptides from capsids formed at the NPT were probed with VP19C MAb. ts1249 B capsids isolated from cells grown at the PT of 32°C had levels of UL6, UL25, and UL17 similar to those for wt B capsids produced under the same conditions (Fig.  11a) . The ts1249 B capsids extracted from cells grown at the NPT also had amounts of UL6 similar to the levels present in wt HSV-1 B capsids produced at the same temperature but had twofold less UL25 and, unexpectedly, had slightly enhanced levels of UL17, approximately twofold greater than those in wt B capsids (Fig. 11b) . The relative amounts of each packaging protein present in B capsids assembled in cells at the NPT were determined by densitometric analysis of the digital images of the exposed film of the Western blots, assuming equal levels of VP19C protein in each capsid preparation (Table 2) .
DISCUSSION
The structure of the N-terminally truncated UL25 protein (amino acid residues 134 to 580) has been determined (5). The protein has numerous flexible loops radiating from a boxshaped core and a distinctive electrostatic pattern, with one face of the protein containing a large cluster of positively charged residues and the opposite face having a high concentration of negatively charged residues. The flexible architecture of UL25 makes it ideally suited to adjust to conformational changes in the capsid that occur during DNA encapsidation and to interact with protein partners at different stages in virion assembly (5) . Work with PRV has suggested that UL25, as well as having a role in DNA packaging, may be important for egress of capsids from the cell nuclei (24) . Recently, evidence has been obtained for HSV-1 and PRV that UL25 is required for the attachment of the tegument to the capsid through its interaction with the large tegument protein UL36 (8, 26) . The characterization of the UL25 ts mutant ts1249 has shown that UL25 is also involved at a very early stage in virus infection, in uncoating the viral genome.
Analysis of incoming ts1249 capsids by immunofluorescence revealed that ts1249 was able to enter the cell at the NPT, and this result was supported by the finding that cells coinfected with ts1249 and the defective virus in1383 at the NPT expressed high levels of ␤-galactosidase activity due to the release of functional ts1249 VP16 into the nuclei. The observations that cells infected with ts1249 at the NPT produced very low levels of viral proteins and that most of the input viral DNA remained in the cytoplasm are consistent with an uncoating defect, although the precise role of UL25 in this process is uncertain. The ts UL25 protein might directly prevent the release of the viral DNA from the capsid or release the DNA prematurely. Alternatively, it might interfere with other key processes, such as the association of the capsid with the nuclear pore complex or the dissociation of viral proteins from the capsid. Two ts mutants of UL36 have also been implicated in uncoating, and one of them, tsB7, has features similar to FIG. 11 . (a) Association of UL25 with ts1249 B capsids produced at the PT. Cells were infected with wt HSV-1 and ts1249 at 36.5°C for 2 h and transferred to 32°C for 18 h. Serial twofold dilutions of purified B capsids were prepared and equalized on the basis of their VP23 content by Western blotting. The polypeptides from the equalized capsids were resolved by SDS-PAGE, transferred onto nitrocellulose, and probed sequentially with UL6, UL17, and UL25 MAbs as indicated on the left side. (b) Association of UL25 with ts1249 B capsids produced at the NPT. Capsids were treated in the same way as those produced at the PT and the equalized capsids screened sequentially with UL6, UL17, UL25, and VP19C MAbs. (3, 43) . UL36 is thought to be important for the transport of capsids along the microtubules to the microtubule organizer, although direct evidence for this function is lacking. The uncoating defect in ts1249-infected cells at the NPT was reversible at early times by transferring the cells to 36.5°C or lower temperatures. The decline in reversibility with time could be the result of cellular defense mechanisms reducing virus viability, or alternatively, the ts UL25 protein could become locked in an irreversible conformation. Although the ts1249 protein functioned at 36.5°C, it was clear from in situ hybridization experiments that ts1249 showed some impairment in the release of viral DNA into the cell nuclei, consistent with the observation that ts1249 formed slightly smaller plaques than wt HSV-1 at this temperature and also at 32°C. Nonetheless, virus stocks with high titers were readily obtained at both 36.5°C and 32°C, suggesting that the ts mutant had only a slight growth disadvantage at these temperatures.
The phenotype of ts1249 at the NPT upon release of the viral DNA from the incoming capsids was similar to that of the UL25-null mutant KUL25NS under restrictive conditions (53) . Like the null mutant, ts1249 initiated packaging but was impaired at a late stage in the process. Furthermore, both sets of data supported a model in which viral DNA is packaged from the L segment end. Taking into account the proposed location of UL25 on the capsid and the phenotype of the UL25-null mutant, we favor the idea that UL25 is required for capsid stabilization during late stages of DNA packaging and that if it is also located around the portal, it may additionally stabilize the packing machinery. This stabilization may need to be reversed during uncoating to allow the viral DNA to be released from the capsid.
In contrast to what was found for the UL25-null mutant capsids, however, some UL25 was present in purified ts1249 B capsids produced at the NPT, about twofold less than the level observed in wt HSV-1 B capsids, suggesting that the ts protein was able to bind to capsids, although less efficiently than wt UL25. Preliminary immunogold analysis of ts1249 capsids by use of UL25 antibody supported this finding (data not shown), and Western blot analysis of UL25 in wt HSV-1-and ts1249-infected cells at the NPT excluded the possibility that the mutant UL25 was less stable than the wt protein (data not shown). Recent work by Trus et al. (59) suggested that UL25 on C capsids interacted with three different proteins (VP5, present in the peripentonal hexon; UL17; and VP19C), and it is likely that one or more of these interactions is impaired in the association of the ts UL25 protein with the capsid at the NPT. ts1249 UL25 was also retained on incoming capsids at the NPT, although we do not have any information as to whether the amounts present on the capsid were similar to those on wt HSV-1 capsids. It is conceivable that UL36 could stabilize the interaction of ts1249 UL25 with the capsid at the NPT. Both the ts1208 and the ts1249 mutations map within the UL25 protein region whose structure is known (5) . The ts1249 mutation E233K lies toward the end of an alpha helix close to a loop. Given the predicted flexible architecture of UL25, the change in the charge of residue 233 in ts1249 UL25 by the replacement of an acidic amino acid with a basic residue may be responsible for altering the conformation of the protein on the capsid at the NPT and could affect the strength of interaction with one or more of its binding partners. This glutamic acid residue is highly conserved among the alphaherpesvirus and betaherpesvirus UL25 orthologues analyzed but is not found in gammaherpesvirus counterparts (Table 3) . Valine residue 161, absent in ts1208 UL25 protein, is also located toward the end of an alpha helix. It is conserved in 11 of the 16 alphaherpesviruses, and all but one had a small hydrophobic amino acid at this position ( Table 3 ). The UL25 proteins of both the beta-and the gammaherpesviruses also had a small, hydrophobic amino acid at this position. Interestingly, all 14 gammaherpesviruses had a leucine present at this site.
The early stage of virion morphogenesis in which the viral DNA is packaged into a protein shell has remarkable similarities to the process in tailed, double-stranded-DNA bacteriophage from the family Caudovirales. With the discoveries that the HSV-1 major capsid protein VP5 has the same structural organization in the capsid floor as members of Caudovirales and that the HSV-1 portal complex has a morphology similar to the structure of bacteriophage portals, evidence is accumulating for the existence of a common ancestor. Although there have been speculations that various bacteriophage capsid-stabilizing proteins may be analogous to UL25, including lambda gpD and gpW and T4 Hoc and Soc, these have different distributions to the predicted location of UL25 on the capsid (2, 5, 19, 27, 40, 60) . Given the likely flexible architecture of UL25 and its position on the outside of the capsid, it is probable that UL25 is either a novel herpesviral protein or one that has evolved considerably to adapt to its eukaryotic environment, taking on new roles. To date, UL25 is the only herpesvirus DNA-packaging protein that is known to be important in initiating virus infection, although it is likely that the portal protein is also involved in this process (34) .
